The development of high power density solid polymer electrolyte fuel cells using high and low platinum loading electrodes is discussed and different approaches for further improvement are identified. Both chemical and electrochemical deposition from chloroplatinic acid provide satisfactory alternatives to sputtering for localization of a thin layer of Pt on the electrodes. The fuel cell performance is found to be greatly influenced both by the type and thickness of the proton conducting membrane. Striking results have been obtained in cells with Dow polymer membrane which has a higher conductivity and lesser mass transport limitations then Nufion. High power density SPE fuel cells have significant internal water and thermal management problems. Atomized liquid water that is drawn into the cell and subsequently evaporated may be an effective thermal management method.
. Rationale for Development of High Power
Density Fuel Cells.
The main advantages of fuel cell systems for space applications are the high energy density and potentially high power density with respect to weight and volume, high efficiency, few moving parts, minimum noise and vibration, and reliability. These advantages are also desirable for their use in defense and transportation applications. High power densities are essential to minimize the weight, volume as well as the capital cost of fuel cell power plants. High power densities should, however, be achieved without the sacrifice of efficiencies. In transportation application two to three times the rated power is required for start-up and acceleration (1) . According to the projections in Ref. 1, a power density of 0.34 watts/cm2 is high enough from weight, volume, and performance considerations for a 20 kw fuel cell power plant for use in a 5 passenger automobile.
Even with the latest advances of the fuel cell technology, the capital cost of a fuel cell power plant is still a prohibitive factor for their wide applications, particularly in the transportation sector. Until the present time, the platinum used as electrocatalyst has been the most expensive material in the fabrication of components for aqueous electrolyte fuel cells. With the current technologies, the total cost of materials for the electrochemical cell stack is about $200/kw for the phosphoric acid and alkaline fuel cell systems as compared to about $600kw for solid polymer electrolyte (SPE) fuel cell system which is believed to be the most likely candidate for a power plant for electric vehicles (2). Enhancement of power density is a vital approach to reduce the capital cost for power plant. Thus from the point of view of lowering the material cost of the fuel cell power plant to $200/kw while still maintaining its efficiency at over 45%, it is necessary to double the projected power density, i. e., cell potential of 0.7 V at a current density of 1 Ncm2.
Electrodes with high noble metal loading are the most expensive components in the fuel cell stack. This is particularly true in the case of solid polymer electrolyte fuel cells. Even with the state-of-the-art technology, this system requires 16 g of platinum per kW(3). Apart from cost considerations, even if 10% of the automobiles are to be manufactured in the future with fuel cell power plants, the platinum requirements will exceed the production rate of this metal (4). Thus, not only from a capital cost standpoint, but also from the availability standpoint of this noble metal resource, it will be necessary to minimize its use in fuel cell power plants still maintaining the high power density and efficiency.
. Electrochemical Criteria Demonstrating that Only Alkaline and Solid Polymer Electrolyte Fuel Cell Systems Can Attain High Power Densities
The potential of alkaline and solid polymer electrolyte and not of the phosphoric acid, molten carbonate and solid oxide fuel cell systems for attainment of high power densities can be understood in the light of the intrinsic electrode kinetics of the fuel cell reactions.Assuming that mass transport limitations are negligible and that the hydrogen oxidation reaction is fast, the cell potential (E) vs. current density (i) relation may be expressed by (56):
where,
Er is the thermodynamic reversible potential for the fuel cell reaction, io and b are the exchange current density and Tafel slope for the oxygen reduction reaction, and R is the differential resistance of the cell. Differentiating equation (l), one obtains:
At low current densities, the first term on the right hand side of Eq. 3 is predominant and is reflected in the high slope (which gradually decreases) of the cell potential -current density plot (see Fig. 1 ). At higher current densities, the second term becomes important and is responsible for the linear region in this plot until the mass transaport limitation becomes operative. The electrode kinetic requirements to attain high power densities can be explained by an examination of Equations (1 to 3 ) and Figure 1 . Two factors clearly dominate the shape of the cell potential -current density relation: these are the Tafel parameters for the oxygen reduction reaction and the ohmic overpotential in the cell. The minimum value of R in Eq. 1 which has been reported is 0.05 ohm cm2 for the alkaline fuel cell system (operating at 150OC and 8 atm) and 0.08 ohm cm2 for the solid polymer electrolyte fuel cell system (operating at 95OC and 5 atm). In alkaline electrolytes, the Tafel slope for oxygen reduction on the best electrocatalyst (90% Au 10% Pt) is 0.04 V/decade, whereas in solid polymer electrolytes it is 0.06 V/decade. The best reported cell performance in the International Fuel Cells alkaline fuel cell system is at a temperature of 150°C and 8-10 atm pressure (7 ). In the solid polymer electrolyte fuel cell system, most of the work has been carried out at close to 100°C, whereas the best, reported, performance by Ballard Technologies, Inc. (8) is at 12OoC. Thus at a current density of 3 A/cm2, and a cell potential of 0.8 V(an expected performance of fuel cells for defense applications), the exchange current density for oxygen reduction in alkaline electrolyte must be equal to a greater than about 2 x A/cm2 (based on the geometric area of the electrode) to reach the specified goals. On the other hand, with the value of R (0.08 ohm cm2) assumed for the solid polymer electrolyte, the exchange current density for the oxygen reduction reaction will have to be greater than 7 x 10-3 A/cm2 (again based on the geometric area of the electrode). Considering the exchange current densities, which have been reported for oxygen reduction on smooth surfaces in alkaline (io = 10-8 A/cm2) and fluorinated sulfonic acid (io = 10-7 A.cm2) (9) electrolytes at room temperature and assuming (i) an increase of these values by a factor of 10 for operation at elevated temperatures (15OOC for the alkaline fuel cell system and 12OOC for the SPE fuel cell system); and (ii) a conservative value of 100 for the roughness factor of the porous electrodes, it should be possible to reach the desired goal of operation at 3 A/cm2 and 0.8 V/cell, only if the slope of the linear region of the cell potential -current density is 0.05 ohm cm2 or less. The phosphoric acid fuel cell system cannot reach these higher power densities because of the high b and R values. The molten carbonate and solid oxide fuel cell systems exihibit high R values.
. Pros and Cons of Alkaline and Solid Polymer Electrolyte Fuel Cells
The pros and cons of the two fuel cell systems are best expressed as in Program, are in a highly advanced state and have functioned extremely well for the required missions, the solid polymer electrolyte fuel cell system is a strong competitor for the alkaline fuel cell system.
The solid polymer electrolyte fuel cell system has major advantages over the alkaline fuel cell one in terms of lower operating temperature, ability to start from cold, and total lack of electrolyte management problems. From a cold (lO°C) start-up, this system can be designed to give full power in under 30 seconds. Moreover, a cold solid polymer electrolyte fuel cell stack can be safely and indefinitely left on open circuit, if prevented from freezing, and it can still be ready for rapid startup. This is a great advantage compared with the highperformance alkaline fuel cell system, which must be maintained at the required minimum temperature to prevent electrolyte solidification, and whose open-circuit storage under these conditions is doubtful.
. Progress in Solid Polymer Electrolyte Fuel Cell
Technology with High Platinum Loading 4.1 Work C w Out at -os Nabonal L a b o w Historically, the first major application of fuel cells systems was in the Gemini space flights, and for this purpose the solid polymer electrolyte fuel cell system developed by General Electric Company was chosen (1 1). After the Gemini space flights, GE pursued further development of solid polymer electrolyte fuel cell technology. The major breakthrough was the replacement of polystyrene sulfonate ion exchange membrane (used in Gemini fuel cell) by perfluorinated sulfonic acid polymer, NafionQ, produced by DuPont, as the electrolyte. The noble metal loading in General Electric Hamilton StandardsUnited Technology Corporation (GE/HS-UTC)' fuel cell electrodes is high (4 mg/cm2), because unsupported platinum particles are used as electrocatalysts. Good performance was obtained in this type of cell with pressurized hydrogen and oxygen (H2 pressure 2 atm; 0 2 pressure 10 atm) as reactants at 105OC. Thus a cell potential of 0.825 V at 300 mA/cm2 was obtained; at 0.5 V these cells could generate current densities of 1 Ncm2. Ergenics Power Systems, Inc. (12) (EPSI), developed a new engineering design with improved water management in solid polymer electrolyte fuel cell. Their cell construction permits internal transport of water for humidification of the gases and, hence, of the membrane. Recently EPSI developed fuel cell systems for atmospheric pressure operation. The cells are operated at 50-60°C and with HdAir as reactants, at 200 mA/cm2, the cell potential is about 0.65 V. Their current approach is to develop fuel cell power systems with hydrogen (hydride) and oxygen storage for astronaut's space suits.
Ballard Technologies Corporation (8) in Canada was first to demonstrate high power densities in solid polymer electrolyte fuel cells. The detailed design and assembly of single and multicells have not been published; however, it appears to be quite similar to the GEIHS-UTC fuel cell. The major improvement in performance appears to be due to the utilization of a Dow membrane instead of Nafion as the electrolyte layer. It has been reported that at about 3 atm pressure and an operating temperature of 8OoC, cell potentials of 0.68 V and 0.55 V are attained at current densities of 2 A cm-2 with Hd02 and Hdair, rrcpectively, as reactants. The slopes of the cell potential versus current density plots in the linear region are only 0.1 and 0.2 ohm cm2, respectively.
Siemens in Germany (13) is also using the GE/HS-UTC technology to develop fuel cell systems for submarine power applications. Siemens has, like Ballard Technologies Corporation, reported high-power densities with H2 and 02 as reactants under pressure. Recently the Dow Chemical Company is developing membranes for utilization in fuel cells and chloralkali cells. Membrane and electrode assemblies are being prepared and tested by this organization in GE/HS-UTC fuel cell test stations.
Technology with Low Platinum Loading $ 3
LANL)
Since the first Space Electrochemical Research and Technology (SERT) Conference, in which the results o th first set of investigations on solid polymer electrolyte fuel cells with low platinum loading electrodes were presented (14), there has been considerable progress in developing methods for the attainment fo high power densities (about 0.4 W/cm2) in such types of fuel cells. Much of this technology was developed by one of the authors (Supramaniam Srinivasan) and his associates at Los Alamos National Laboratory as documented in three recent articles (14-16). It must be noted that the Nafion membrane was used as the proton-conducting membrane in all these investigations. The criteria and methods used to attain the high power densities are:
(i) extension of the three dimensional reaction zone by the impregnation of a proton conductor (i.e., the ion exchange membrane) into the electrode structure; (ii) hot-pressing of the Nafion-impregnated electrodes to prepurified Nafion membranes at 120OC (close to glass transition temperature) and 50 atm pressure; (iii) adequate humidification of the reactant gases by passing these gases through humidification chambers set at temperatures of 10" for H2 and 5°C for oxygen or air higher than the cell temperature;
(iv) enhancement of the electrode kinetics fo the hydrogen oxidation and the oxygen reduction reactions and particularly of the mass transport rates of the reactant gases to the electrode by operation at elevated temperatures and pressures (say 80°C and 315 atm for H2/02); and (v) localization of platinum by fabrication of electrodes with a higher percentage of platinum crystallites on high surface area carbon (i.e., supported electrocatalysts with 20 wt% Pt/C rather than 10%) while still maintaining the amount of Pt in the electrode (0.4 mg/cm2) and by sputter-deposition of a thin film of platinum on the front surface (0.05 mg/cm2), corresponding to 500 A" film a smooth surface).
By use of all these methods, it was possible to attain a current density of 1 Alcmz at a cell potential of 0.64 V with H2/% as reactants and 0.580 V with Hiair reactants at 80°C and 315 atm pressure (3 on hydrogen and 5 on oxygen side).
The cell potential (E) -current density (i) plot fitted the equation (1). The electrode kinetic parameters for the cell Eo b and R were calculated using a'non-linear least squares fit of t6is equation to the experimental points. The slope of the Tafel line for oxygen reduction was found to be 0.050 to 0.060 Vldecade and was independent of temperature. The calculated value of R (0.24 ohm cm2) was quite close to the high frequency resistance (0.21 ohm cmz), indicating the absence of mass transport overpotential over the measured current density range. It was suggested (12) that to increase the power densities further, it is necessary to use membranes with higher specific conductivities and better water retention characteristics. In view of the results discussed in the preceding section, the "high priority" tasks to advance the solid polymer electrolyte fuel cell technology are (i) to develop methods, altemative to sputter--deposition --to localize platinum near the front surface of the * The GE solid polymer electrolyte fuel cell technology was purchased by Hamilton Standards -United Technology Corporation.
electrode and (ii) to reduce the ohmic overpotential in the cell, and (iii) water and thermal management in the fuel cell (see Section 6). The reason for importance of the task (i) is that sputter-deposition is not economically feasible compared to wetchemical methods, which can be automated, for the large-scale modification of surfaces of electrodes for fuel cell systems with a reasonable power output (20 kw and higher). The methods, which are examined in this work for the deposition of a thin layer of Pt on the front surface of the electrodes are: (i) brushing the surface with a chloroplatinic acid solution (desired quantity and drying); (ii) brushing surface with platinum black particles suspended in Nafion solution; and (iii) electrodeposition of Pt. Two approaches were taken to reduce the ohmic overpotential in the cell: use of (i) thinner membranes and (ii) Dow membranes with better conductivity and water retention characteristics.
A Comparison of the Effects of the Sputter-Deposition and the Wet Chemical Methodr on the Performance of Single Cells
The cell potential current density plots in Fig. 2 show that fuel cells with the sputter-deposited and chloroplatinic acid treated electrodes exhibit similar performances throughout the entire current density range (1 to 2000 mA/cm2). This is not so in the case of the of the fuel cell with electrodes onto which a thin layer of Pt black was deposited. A close examination of the linear E vs i (Fig. 2) , as well as of the semi-logarithmic (E+ i R) vs log i (not shown) plots shows that the oxygen electrode is only activation-controlled up to a current density of 1 Alcmz. It is encouraging to note that the wet chemical method of application of chloroplatinic acid followed by the heat-treatment provides electrodes which exhibit similar performances to the sputter-deposited ones. 
Effects of Thickness of Membrane on Performances of Fuel Cells
In this work experiments were carried out with Nafion membranes having a thickness of 100 pm and 50 pm and the results of fuel cell performance compared with those in fuel cells with the Nafion 117 membrane (thickness: 175 pm). The 100 pm membranes were of the "sweded type" (sweding was carried out to roughen the surfaces of the membrane and make it of uniform thickness). The performances of the fuel cells with the 50, 100 and 175 pm membrane are shown in Fig. 3 . While the fuel cell with the Nafion 117 membrane (thickness:175 p m ) begins to show mass transport limitations at a current density of 1 A/cm2, this is not the case with the cell having 100 pm thick membrane up to a current density of 1.8 A/cm2; the cell with 50 pm thick membrane does not show any mass transport limitation up to 2 A/cm2. The major effect of membrane thickness on the fuel cell performance is a significant diminution of the slope of E vs. i plots with the decrease of membrane thickness. This is to be attributed to higher conductivities (or lower resistance) of the membrane and electrode assemblies prepared with thinner membranes resulting in smaller iR losses. 
Dow Membranes: The Solution to Attainment of Super High Power Densities
In the work to date the highest power densities were attained by using Dow membranes as the electrolyte layer. A comparison of the performances of single cells using the Nafion and Dow membranes is illustrated in Fig. 4 .
The figure shows that the cell-potential current density plots overlap in the low current density region (say up to 50 mV). This means that the activation-controlled behavior is unaffected by the characteristics of the membrane (Dow vs Nafion, Nafion thick vs thin). One can easily interpret this result on the basis that the electrochemical reaction occurs to a large extent within the pores and the surface of the electrodes which are coated with the proton-conducting membranes. With increasing current density, the role of the membrane (type, thickness) is dominant and consequently the slopes of the linear region are different. One significant result is that the slope of the linear region in the cell with the Dow membrane (thickness 125 pm) is less than that in the cell with the Nafion membrane (thickness 100 pm). This result can be explained by the fact that the Dow membrane has a higher specific conductivity than that of the Nafion membrane.
There is a second interesting observation in the E-i plots. The departure of the E-i plot from linearity at the higher current density appears to depend on the thickness of the membrane (discussed earlier) and the type (of Dow membrane 125 pm vs Nafion 100 pm). Departure from linearity at the high current densities are associated with mass transport controlled processes. It is very likely that transport processes within the membrane can be rate-limiting. The transporting species are protons, which migrate from the anode to the cathode under the influence of the electric field, and water molecules which are carried with the protons. Due to the resulting concentration gradient of water molecules in the cell during operation one can expect water molecules to diffuse from the cathode to the anode. Mass transport limitations could occur due to any one or more of these processes, which are apparently more pronounced in Nafion membrane.
I
The striking result is that R (Eqn. 1) is a factor of two less for the cell with the Dow membrane (thickness 125 pm) than for the one with the Nafion membrane. This result follows from the fact that the Dow membrane has a lower specific resistance. In the cells used in this work the test cell fixtures have a resistance of 0.05 ohm cm2. If this is excluded from the values of R and of the slope of the E vs. i line the resulting values are only 0.06 and 0.08 ohm cm2 respectively in the Dow polymer fuel cells. The latter value is the same as that of the slope of the E-i plot in the best Ballard Cells. 
. Water and Thermal Management
By-products of the fuel cell electrochemical reaction are water and heat. These two parameters are interrelated and critical to the fuel cell performance. The solid polymer electrolyte membrane must be moist throughout the course of the fuel cell operation. Any tendency for the membrane to lose moisture will cause a degradation of performance and eventual cell damage. However, if liquid product water is allowed to accumulate, the electrodes become flooded. The internal temperature of the cell rises due to irreversibilities, this heat can be used to manage the liquid water.
The operating temperature of the PEM fuel cell is limited by the reactant gas pressure and the electrolyte material. The pressure, temperature limitation is because the water vapor pressure (temperature controlled) must be maintained below the gas pressure. A high vapor pressure causes drying of the electrolyte membrane resulting in increased ionic resistance. Under atmospheric pressure operation the maximum cell temperature may be as low as 80°C. Assuming that a higher operating pressure could be achieved, the solid polymer electrolyte has a limiting temperature of approximately 13OOC before it begins to lose structural integrity. These relatively low temperatures are a major problem in dissipating the high intemal heat flux and simultaneously solving liquid water management problems.
In laboratory fuel cells both reactant gases are heated and humidified. These gases are then passed through the cell at many times the stoichiometric rate with the exiting gas being discarded. In this case, water and thermal management is maintained just by the high gas exchange rate. In commercial fuel cell stacks this approach will not be practical due to fuel and pumping losses.
A review of the existing literature reveals that little work has been done in the areas of mass and heat transfer modeling as applied to SPE fuel cells except for the experimental investigations conducted by Hamilton Standard [ 171. However, it is useful to review some of the modeling and analysis done as a part of the overall thermal management studies of phosphoric acid fuel cells (PAFC). Some of the approaches to solving the problem of heat removal are:
(9 Heat transfer through external cooling fins. This method will work for a small fuel cell cross-section or very low power densities. Supplying excess amounts of cathode process gas. The gas is usually air, and by sensible heating the cell is cooled. Closed-loop cooling using coolant plates at regular intervals. The plates can be intemally cooled by sensible or latent heating. Excess cathode gases is passed through the cells as well as in cooling plates at regular intervals. Water evamration in the cathode andor the anode cavities. By injecting liquid water into the fuel cell and providing pressure, temperature condition such that it evaporates. The choice of a suitable heat removal scheme depends on the limiting EMA operational temperature and the auxiliary power requirement to operate the cooling system. The following two sections describe the SPE fuel cell water and thermal balance in some detail.
Water Balance time and electrode area is given by:
The amount of water produced in the cell reaction per unit
where the faradaic efficiency, &f, is assumed to be 1.0, Mw is the molecular weight of water, F is the Faraday constant, and i is the current density in amps/cm2. In terms of m; , the stoichiometric requirement and the mass balances of each of the reactant gases at the anode and cathode outlet streams, respectively, can be written as:
where f is the multiple factor relating the amount of the inlet stream of each gas to the stoichiometric requirement in the form,
The superscripts s, 0, and i denote the stoichiometric, outlet, and inlet amounts of the reactant gases, and Mg, Mw denote the molecular weights of the gases and water, respectively. For the water balance, however, there has been a common notion that water is transported with each proton across the membrane.
Recently, doubts have arisen as to whether the so called 'protonic pumping' of water occurs. Assuming that proton pumping does not occur, the amount of oxygen (or air) required at the inlet to remove the product water as a saturated mixture at the outlet in terms of a multiple of stoichiometric requirements is given by:
A range of values for f is plotted as a function of the cell temperature for different values of the inlet relative humidity of g the gas stream and a cell pressure of 1.0 bar, in Figure 5 Typical operating temperatures for a SPE fuel cell at 1 bar will probably be from 75' to 85OC. Operating on air will only require 1.5 to 4 stoichiometric mixtures to provide product water management.
Thermal Balance
A first law analysis of the fuel cell yields the amount of heat produced during the chemical reaction in terms of the enthalpies of formation and the electrical work transferred.
An effective method of cooling a SPE fuel cell may be evaporation of water within the cell and the removal of the vapor by the outlet gas stream [18] . Liquid water mist is introduced into the fuel cell. Desiccant material in the electrode draws the water into the electrode. The subsequent -evaporation of the liquid water cools the cell. A particular system design is described in li81, both the membrane and the desiccant material were Nafion 117. The desiccant also helps to avoid local area flooding of the electrode by dispersion. The amount of water to be vaporized for cooling expressed as a multiple of the water produced is given by:
where the quantities (qi)v and (qi)l denote the amounts of heat to be removed when the product water is in the vapor form or in the liquid form, respectively, and hfg is the latent heat of vaporization of water. Since the amount of water produced in the reaction is included in the relation above, a value of fw = 1 implies that the energy required to vaporize the product water would be sufficient to cool the cell. The above relation is plotted as a function of the current density in Figure 6 for two specific cell performance values. To cool the cell when operating at 2000 mA/cm2 will require between 4 and 5 water molecules be evaporated for every one produced.
Thermal management by evaporation would probably be controlled by a combination of liquid water injection rate, cell pressure and temperature. Advantages of internal evaporative cooling include: 1) Thermal and water management are controlled by one system. 2) The cell stack is not interrupted by cooling plates 3) Intemal thermal gradient will be minimized.
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ConclusiQQs
The conclusions which may be drawn from these studies are:
The chloroplatinic acid method of treatment of the electrodes provides a satisfactory alternative and considerably more economic method than sputtering for the deposition of a thin layer of Pt on the front surface of the electrodes, which is essential for the attainment of high power densities. Use of thinner membranes is advantageous from the points of view of lowering the ionic resistance and lowering mass transport limitations at higher current densities. Striking results have been obtained in cells with the Dow membrane which has a higher ionic conductivity , lesser mass transport limitations (H+ and H20) and better water management characteristics than Nafion. The performances of a solid polymer electrolyte fuel cells with low platinum loading electrodes are approaching those of the ones with ten times the platinum loading in respect to attainment of high power densities. High power density SPE fuel cells will require novel thermal and water management techniques. The large internal heat flux that must be removed while maintaining a low cell temperature (<12OoC) makes these problems especially difficult. Internal evaporative cooling may be the manner in which both thermal and water management problems of SPE fuel cells may be solved.
